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Abstract 

A space propulsion concept Is proposed and ana- 
lyzed which consists of a thin sheet coated on one 
side with fissionable material, so that nuclear 
power Is converted directly Into propulsive power. 
Thrust Is available both from ejected fission frag- 
ments and from thermal radiation. Optimum thick- 
nesses are determined for the active and substrate 
layers. This concept la shown to have potential 
mission capability (In terms of velocity Increments) 
superior to that of all other advanced propulsion 
concepts for which performance estimates are avail- 
able. A suitable spontaneously fissioning material 
such as Cf^^^ could provide an extremely high- 
performance first stage beyond Earth orbit. In 
contrast with some other advanced nuclear propul- 
sion concepts, ther<! no minimum size below which 
this concept Is Infeasible. 

More mission versatility t ould result If the 
thrust-sheet fission rate were controllable with an 
auxiliary sysr ,m that produces flsslon-trlggerlng 
neutrons or photons. Known neutron sources, ha:- 
ever, are found to be much too heavy. Similarly, a 
system to produce photons with energy sufficient 
for photo fission Is likely to be too heavy. Thus, 
Che concept of a controlled-flsslon thrust sheet Is 
currently purely hypothetical. 

Introduction 

Deep space mission capabilities of the most 
advanced propulsion concepts for which performance 
estimates are available were discussed and compared 
In Refs. 1 and 2. (Sources for Che performance 
estimates are listed In those references.) The 
comparison showed that pulsed-fuslon or gaseous- 
core fission rockets could produce the fastest crip 
times to Che near planets, while magnetically 
contained fusion could provide Che best capability 
for more distant destinations. These conclusions 
assumed Chat the estimated performances of these 
conceptual systems were ultimately achievable In 
practice. With these performances, round trips to 
Mars could be accomplished In a few months and 
round trips to the outer planets In several years. 
Although these Crip times represent order-of- 
magnltude Improvements over chemical rockets, one 
wonders whether even better propulsion systems can 
be conceived, and what form they might take. 

A common assumption Is that the ultimate pro- 
pulsion system would be a photon rocket, where Che 
photons are oroduced bv mass annihilation (matter- 
antimatter reactions) , Such a system would 
produce the hlphesc possible exhaust velocity, and 
the ultimate In conversion of propellant mass Into 
propulsive energy. However, no conceptual basis Is 
available to evaluate such a system, since no vi- 
able ways hav' been proposed Co produce, store, and 
recombine an.lmaccer without Introducing auxiliary 
system massvf In excess of those needed for previ- 
ously proposed fission and fusion propulsion con- 
cepts, The limitations on these fission and fusion 
conce,ics as pointed out In Ref. 1, are due neither 


to a low fraction of conversion of matter Into 
energy, nor to Che unactalnablllcy of high exhaust 
velocity. Instead, the performance llmltn result 
from the problems of thermal power conCalnswnt and 
Che conversion of that thermal power Into directed 
propulsion power, Ttiese conversion problems would 
be accentuated for the photon rocket due to the 
very energetic photons produced by mass annihila- 
tion reactions. The resulting Inert -uiss needed 
for containment, cooling, siiiciOli.g, and co.'verslon 
to thrust could easily exceed that of flsulon or 
fusion teaccors, thereby nullifying the tosslbl>! 
benefits of Increased exha'ut velocity and mass- 
energy conversion fraction. 

Tlius , the progression from fission or fusion 
to mess aiinihllsClon reactions may not of Itself 
yield Improved p.'opulslon performance. It Is 
therefore desirable to consider alternative ap- 
proaches, Particularly desirable would be elimina- 
tion of the need for a hot hlgh-denslty power 
source, with Its associated inert uiass 'equlrements , 

This paper describes and analyzes an alterna- 
tive approach whereby the necessary high exhaust 
velocities con be achieved with good thrust/mass 
ratio. This approach Involves the concept of a 
large-area thin sheet which produces thrust by 
spontaneous or stimulated ejection of fission frag- 
ments from Its rearward surface. It Involves use 
of nuclear fission characteristics which may be 
found among the transuranlc elements. The charac- 
teristics of such thrust sheets are analyzed and 
optimum thicknesses for the component layers are 
evaluated (Appendix A). Included In the analysis 
of this concept Is the possibility of deriving sig- 
nificant thrust from differential thermal radiation, 
obtainable by producing different emlsslvltles on 
the forward and rearward surfaces. 

Discussion of Previous Propulsion Concepts 

Sh^n In Fig, 1 (slightly modified from 
Ref. 2) are the primary performance parameters 
estimated to be attainable with previously analyzed 
advanced propulsion concepts. For the systems 
labeled type I (relatively high thrust/masa ratio) 
the mission capability is determined primarily by 
the exhaust velocity attainable; while for systems 
labeled type II (low thrust/mass ratio) the mission 
performance Is determined primarily by the specific 
power attainable. This figure shows that to pro- 
duce mission capability superior to those previ- 
ously analyzed, one needs systems with specific 
power above about 1 kilowatt of Jet power per kilo- 
gram of propulsion system moss, and exhaust veloc- 
ity above about SO km/sec (specific impulse above 
SOOO sec). To achieve the 30 km/sec exhaust ve- 
locity level with the type I systems shown In 
Fig. 1 required either a very hlgh-temperature gas 
source (gas-core nuclear fission '.ccket) or a 

*Speciflc power (propulsive power/mass of propul- 
sion system) Is used as the abscissa. Instead of 
Its reciprocal (specific mass) to conform more 
closely with current prr tice. 



•critts of •■aXI thernonucle^r explosions (pulsed- 
fusion rocket). To achieve s specific power of 
about X kiXowAtt per kiXogran with a type XI systen 
also requires an extremely high teokperature power 
source (controlled thervonuclcar fusion reactor). 
Each of these concepts involves considerable opti- 
mism with regard to future technological achieve- 
ments; they seem close to the lisUts of performance 
attainable with high power density thermal sources. 

A few propulsion concepts have been proposed 
and analyzed over the years which do not involve 
high density on-board thermal sources. These in- 
clude solar sails, iMer-propelled sails, 
and radioisotope sails. This general class of 
propulsion concepts characterized by impingement on, 
or emission from, large area thin sheets will be 
called '*thrust-sheet propulsion." 

Hie impinglng-photon thrust sheets showed per- 
formance comparable to other advanced systems, but 
were more limited in that they could operate only 
within the range of their photon source. Solar 
sails are comparable in mission performance capa- 
bility to solar-electric propulsion, but lack the 
versatility. Laser-propelled sails require tre- 
mendous ratios of power to thrust, and are not com- 
petitive with other advanced concepts even for one- 
way flyby missions unless extremely powerful highly 
comminated x-ray lasers can be developed. 

The radioisotope thrust sheet(^) has received 
little attention or analysis, primarily because it 
seemed to offer little advantage in mission capa- 
bility over solar sails, and appeared to have more 
difficult development problems (heat dissipation 
and energy decay during storage, expense, and 
handling difficulties of the radiative coating, 
etc.). The radioisotope considered most suitable 
in Ref. 8 (Polonium 210) has a half-life of 
138 days and a very respectable initial energy re- 
lease race (specific power) of 141 kU/kg, consist- 
ing of 3.3 MeV a-particles. Hie maximum possible 
exhaust velocity (ejection velocity) is about 
l.5»10^ m/sec. A cursory calculation yields a 
possible thrust per unit area of the thrust sheet 
of about 5x10**^ N/m^, and a thrust-mass ratio of 
2x10*^ m/sec^, which is comparable with values ob- 
tainable with solar sails at Earth orbit. 

Although the Po^^^-coated thrust sheet has 
attracted little attention, it has many of the de- 
sirable features of an ideal propulsion system. It 
produces thrust directly at very high exhaust ve- 
locity in the simplest possible manner, with no 
auxiliary mass for containment, redirection, 
shielding, or cooling. It is self-contained (does 
not depend on an external radiation source), and is 
insensitive to environmental hazards such as radia- 
tion and micrometeoroid dairage. Thus, «f such a 
jystem could produce velocity increments (Av) much 
greater than competitive concepts, the development 
and operational problems might be worth the effort 
to solve. 

The piimary reason that the Po^^^ thrust siieet 
carnut achieve large superiority in Av is that 
the ratio of inert mass to ejected (propellant) 
mass is large - at best equal to the ratio of 
Pq210 (o a-particle mass, or about SO. The magni- 
tude of this handicap can be seen from the rocket 
equation : 



where vt Is effective exhaust velocity, m^ is 
total initial mass and m^ is the residual mass 
(after exhausting the propellant mass, oip). Equa- 
tion (1) shows that for mp/no ” 1/^0, cne Av 
achievable is only abcut vj/SO. Hence, for 
Po^l®, with maxlrouro vi of 1.5*10^ m/sec, the max- 
imum Av is about 3''l0^ w/sec. 

A more detailed ana ysis of the performance of 
particle-emitting thrust sheets Is given in Appen- 
dix A, wherein the losses in momenrum md energy of 
emitted particles due to isotropic ei?0l86ion and 
collisions within the imbedding materiel are con- 
sidered. This analysis shows that, even for opti- 
mum active-film and substrate thicknesses, the 
achievable Av may be less than 10*^ of the parti- 
cle ejection ''elocity (Eq. (A49)), or about 
10^ m/sec, which is less than 10 percent of the 
value estimated above. Hie effective Vi (from 
Eq. (A49)) is about 3.3x10^ m/sec, and cne vehicle 
thrust/mass ratio (Eq. (A30)) is ^out 7xl0~^ m/ 
sec^. These values arc shown in Fig. 1 for com- 
parison with other propulsion concepts. The per- 
formance capability is inferior to that, for ex- 
ample, of a gaseous-core nuclear fission rocket 
concept, for which v. may be lower (<5x10^ m/sec) 
but nu/o^ may be of^order 0.8 yielding a Av of 
about 8x10^ m/sec. 

One is thus led to contemplate ways In which 
the admirable features of the Po^^^ thrust sheet 
can be retained, while the effective ratio of pro- 
pellant to inert mass is substantially increased. 

If it were possible to elect somehow the spent res- 
idue (Pb^®^) of the Po^lO decay, so that it would 
not accumulate as inert mass, then the "propellant" 
ratio would increase to about 0.5 (the substrate 
sheet would still remain) but the effective ex- 
haust velocity would be reduced by a factor of 30, 
since the Pb^O^ residue would essentially be 
ejected with zero velocity. Equation (1) shows 
that this tradeoff increases Av/vj to 0.7, but 
this is Insufficient to compensate for the reduc- 
tion in the effective vj ; hence Av is not im- 
proved. 

Spontaneous-Fission Hirust Sheets 

A clear possibility for improvement lies in 
the use of a decay process that ejects a much 
larger fraction of the parent nucleus. A sponta- 
neous fission process with approximately equal-mass 
rensiant nuclei would yield the maximum possible 
ejected-mass fraction for a spontaneous-emission 
thrust-sheet propulsion system. Examination of 
charts of the nuclldcs^^) reveals a nutsber of 
nuclei among the transuranium elements that undergo 
spontaneous fission. For many of these nuclei, 
however, the fission process is subordinate to 
other decay processes. For others the half-life is 
much too small to be suitable for propulsion or 
much too long to produce significant specific power. 
One interesting candidate nucleus seems to be 
Californium 254 which undergoes fission with half- 
life of fO days (or 63 days, according to Ref. 10). 
If the mean fission energy release is of the order 
of 200 HeV, (it is given as 183 MeV in Ref, 10), 
the fission fragment velocity will be about 
1.2x10^ m/scc. 
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With ih* reduce lori due to leotroplc enlealon 
and collislonal losse. In the film and for opti- 
mized aubatrate and active-film thlckneas (aa cal- 
culated In Appendix A), the effective exhauat ve- 
locity (Eq. (A48)) becomea 1.9«10^ n/sec, and the 
Initial thruat/maaa ratio (Eq. (A44)) la about 
0,025 m/sec^. Addition of the thtuat poaaible with 
differential thermal radiation (Eq. (A46)) yields 
net thrust/masa ratio of about 0.033 (Eq. (A50)). 
These values are Indicated In Fig. 1 (or comparison 
with ocher concepts. The Av la about 2.2«10-' 

(Eq. (A48)) which la more Chan twice that achiev- 
able with the best previously analyzed type 1 sys- 
tems of Fig. 1 ('dxlO^ m/sec for v. - 5x10^, 

mp/mu - 0.8) . 

To evaluate che significance of this Increased 
dv In terms of mission capabllltv, consider the 
distances attainable as functions ot time In field- 
free spac>*. (Ref, 2 ahowed that for high- 
performance propulalon systems, field-free esti- 
mates are good approximation for aliaort all mis- 
sions except those that descend Into or depart from 
low orbits about che major planets). The accelera- 
tion of a vehicle propelled by a spontaneously 
emitting thrust sheet la: 


a 


-0.693 t/i 
a e 


( 2 ) 


Integration of Eq. (2) yields: 


V “ 1.44 a^t(l 


^-0.693 c/Tj 


(3) 


and the distance traveled is 

X - 1.44 a^t^l^Y * ‘^’)j (4) 


Controlleu-Flaalon Thrust Sheets 


Even more desirable than a spontaneously fis- 
sioning msterial such as Cf^^^ would be a material 
whose fission could be Induced at will by means of 
some lightweight auxiliary system. Such a sheet 
would eliminate the limitation of spontaneous- 
emission thrust sheets to one-way missions or to 
the first stage of more lengthy missions. Tlie 
total Impulse available with a controllad-issslon 
thrust sheet would be comparable to tha'' jf a 
spontaneous-fission thrust sheet, bu' i.ne isqiulse 
could be divided and allocated according to islssion 
needs , 

One might consider first the possibility of 
using a common fission reactor material In the 
active film (say uranium or plutonium) so that It 
could be activated with a source of thermal or fast 
neutrons. Calculations show, however, chat the 
obvious neutron sources, such as fission or fusion 
reactors, would be much too heavy to serve as the 
auxiliary system. In fact, It Is more effective In 
propulsion capability to use the thermal power of 
such reactors for the other nuclear propulsion sys- 
tems of Fig. 1 than to use them as neutron sources 
for thrust-sheet propulsion. 

Another possibility is Co use a copious spon- 
taneous neutron emitter such as Californium 252, 
which produces of che order of 10^^ neutrons/sec-Kg, 
and has an adequate half-life of 2.64 years. This 
neutron production rate, hewever. Is found Co be 
Inadequate, because the thrust-sheet fission rate 
needed to produce InCeresCli'g thrust levels Is of 
the order 10^^/sec-m^; hence one would need at 
least ■ kilogram of Cf^^^ per meter^ of thrust 
sheet, which is a factor of at least 100 too high, 
even if all neutrons were to produce fission. 


If X Is expressed In astronomical units 

(1 Au ■ 1,495 >10^^ m) and t In days, this becomes 

For Cf^'*: 

X - 8,5 - 1.44(1 - '^^^°)] (5) 

and for Po^^®: 

X - 0.84 - 1.44(1 - t/138jj 

where the values of a were obtained from 
Eq. (A50). ° 

Equations (5) and (6) arc plotted In Fig. 2 
for one-way fly*by missions to the outer solar sys- 
tem. Shown also are curves for the best type 1 and 
type II propulsion concepts of Ref. 2 and for a 
solar sail (Appendix B) . The figure shows that the 
Cf^^^ thrust sheet concept has capabilities supe- 
rior to those attainable with the most optimistic 
propulsion system parameters estimated for the 
other advanced concepts. Sudi a thrust sheet could 
serve as the entire propulsion system (beyond Earth 
orbit) for fly-by missions or for misaions lasting 
no longer than a few half-lives of the active mate- 
rial. It could also serve as a high-performance 
first-stage (beyond Earth orbit) for longer rendez- 
vous or round-trip missions. 


Since known neutron sources seem inadequate, 
one may next consider whether a photon source mi^t 
be feasible. Pliotofission has been observed and 
studied quite extensively with thorium, 
uranium, and neptunium using high-energy photons 
(MeV range). If nuclei could be found or produced 
which fission when triggered by lower-energy pho- 
tons, perhaps an auxiliary system might be devised 
with sufficiently low mass to provide the desired 
thrist sheet control. 

To estimate the power and mass needed for the 
auxiliary source for a photoflssionable thrust 
sheet, one must evaluate the fission rate desired 
to produce adequate acceleration. Using the opti- 
mized layer thicknesses derived for Cf^^^ in Appen- 
dix A, the active-layer mass density is 0.0375 kg/ 
m“ (E-i. (A44)) and the fission rate is •lO^^ fls- 
siom;ffl^-Bec. If a fraction f of Impingiitg pho- 
ton* oroduced fissions, then the photon power per 
iq 2 becomes 

10 ^^ 2 

P - (hv)W/m^ (7) 

and the auxiliary power (presumably nuclear- 
electric) needed to produce this photon flux is 

Pg - P/n (8) 

where n xs the overall efficiency of converting 
electric power into photon power. If a* is the 
specific power of the electric generator system 


3 


(Ue/kg) , than cht ratio of auxlliary-powat maaa n, 
to thruat-ahaat maaa a, la 



10“h-. 

nfa a' 

a 


(9) 


With t 0.07 kg/n^ (aee Eq. (A48)), o' - 10^ U/ 
kg, and hv • hc/1 - 2«10"^^/X, wa have 


»a/». 


3«10 

nfx 


10 


( 10 ) 


Clearly; unleaa X i. 10~^ n ■ 10 X, auxiliary 
equipment la likely to outweigh the thrust aheet. 
For X • 300 no, however, the product nf can be 
as little as 10'^ without seriously affecting the 
Iner' mass of the system. Thus, If nuclei could be 
found or made that are fissionable with near- 
optical range photons and with high fission cross 
section, one might achieve the superior perform- 
ance capability of a controllable thrust-sheet pro- 
pulsion system. 


The probability that nuclides cai. be produced 
which are fissionable with such low-energy photons, 
however, seems vanishingly small since such photons 
Interact only with the outer electron shells of the 
atom. The likelihood that such a small perturba- 
tion could significantly affect a nuclear process 
seems negligible. Thus, the concept of a fission- 
powered thrust sheet propulsion system with con- 
trollable fission rate must be regarded as hypo- 
thetical. 


Concluding Remarks 

The fission-powered thrust sheet concept pro- 
posed and analyzed herein has, of course, many 
practical difficulties not yet discussed. These 
Include (1) construction, deployment, and con- 
trollability, (2) payload shielding from fission- 
produced neutrons and y-radlatlon, (3) produci- 
blllty and cost of the fissionable material, and 
(A) maintenance of sheet integrity under the se- 
vere radiation conditions. 


The first group of problems Is similar to 
those studied In connection with solar salls^^’”^ 
except that for a spontaneous-fissioning thrust 
sheet the active material would perhaps have to be 
applied In space after sheet deployment to avoid 
the need for a cooling system during launching. 


The problem uf shielding the payload from un- 
desirable radiation Is also not unique to the 
fission-powered thrust sheet, although with other 
nuclear propulsion concepts the required shielding 
Is generally considered to be achieved primarily 
with mass distribution around the reactor. For the 
thrust sheet, an optimum combination of payload 
distance, relative location, and shielding mass 
would be employed. 


at the Oak Kldge National Laboratory and the 
Savannah River Plant Tranauranlum Procssalng 
Facility (SRP-TRU). Information In Refs. 14 and IJ 
Indicate that Californium 2S2 la available at a 
price of about $10 per microgram, with a possible 
reduction to about $1 per microgram by the 
1960's.'^^ Proouctlon rate la currently In the 
range of several grams per year, with Increases to 
hundreds of grams per year estimated for the 1980's. 
However, Cf^'^ is not available In separated form. 

It occurs with Cf^^^ at a ratio of about 5>10*^. 
Enhancement by a factor of 10 or 20 (to perhaps 
1 percent of the Cf^^^) could perhaps be attained In 
fast breeder power reactors when they become opera- 
tional.'^^) Separation of Cf^** from Cf^SZ could 
presumably be achieved by methods similar to those 
used to enrich 


Another possible source of suitable fissionable 
materials may be In the so-called "magic Island" of 
stable nuclides in the vicinity of atomic number 114 
and atomic mass 300.())>)°) Research Is underway to 
synthesize nuclei in this region. Perhaps some 
other nuclides with suitable half-lives (or even 
sose easily triggered photof Isslonable nuclei) will 
be found in this region. 


Because all nuclei with Z^/A > 18 are theo- 
retically unstable against spontaneous fission, the 
term "stable" is a relative one In the context of 
transuranium nuclei, and Indicates the magnitude of 
the decay half-life. Consequently, the concept of 
a threshold energy for stimulating fission Is gen- 
erally not well defined. (19) gy neutron or photon 
bombardment, one tends to enhance the Instability 
and thereby produce a more copious fission rate. 

The magnitude of the stimulus needed for this cannot 
be accurately predicted for all nuclei. Neverthe- 
less, as mentioned in the text, the probability of 
greatly enhancing a nuclear fission rate by means of 
optical-range photons seems negligible, Tlie nucleus 
would have to be very unstable (and hence have a 
very small half-life) in order that such a small 
perturbation could appreciably affect its decay 
rate. 


Another unknown factor in determining the fea- 
sibility of fission-power thrust sheets is the 
question of maintaining the integrity of the sheet 
during the propulsion period. As Indicated in 
Appendix A, a retention film will be needed over the 
active film to retain atoms that would otherwise be 
knocked out by the emerging tlsslon fragments. 

Since the optimum substrate thickness permits emer- 
gence of some fission fragments in the forward, as 
well as rearward, direction, a retention film may 
also be needed on the substrate side. Such a film 
could also reduce vaporization rate, which must be 
less than 10~) meter during the propulsion period. 

If the thickness of these films becomes comparable 
to the thickness of the active film, serious deteri- 
oration of wrformance results. Indications are, 
however,'^®) that retention film thicknesses of a 
few hundred X (al0~^ m) may be adequate, In which 
case the effect on performance Is small. 


Perhap.’ the most critical factor for practical 
application Is the future availability, producl- 
billty and cost of suitable transuranium materials. 
Many transuranium elements are now made by neutron 
bombardment in nuclear reactors, and some are 
available In welghable quantity. Major suppliers 
In Che United States are Che Hlgh-Flux Isotope 
Reactor Transuranium Processing Facility (HFIR-TRU) 


Another question is whether the substrate film 
will be so severely rcdlatlon damaged by the emerg- 
ing fission fragments that it will not provide Che 
required strength during Che propulsion period. As 
shown In Appendix A (Fq. (A33)), the stress on the 
substrate Is very mild (.about 2,S><10^ N/m^, (4 pel)) 
for a 100-meter radius sheet) but the ability to 
maintain Integrity must still be established. 
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Thus, to cvalusCc whsthsr the attractive aJa- 
alon capabllltlea of f laalon-powarcd thruat aheeta 
can bvcooe achlevabla, aeveral fundaawntal quea- 
tlona auat be anawered; (1) Can aufflcicntly large 
quantities of Cf^^^ (or perhaps other Isotopes with 
coBparable fission half-life) be produced at ac- 
ceptable cost? and (2) Can the problems of fabrica- 
tion, deployment, and operation be solved? (3) How 
thick must retention films be? ( 6 ) Can the sub- 
strate maintain adequate strength during the thrust 
period? In addition, some research may be war- 
ranted on possible new methods to stimulate fission 
with low mass auxiliary systems so that the signif- 
icant advantages of a controlled-f Isslon thrust 
sheet can be realized. 


Appendix A 
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Hence, the fraction of the total emitted particles 
originating at x^ that emerge from the sheet la 



- ^ (1 - cos BJ 

(A2) 


where 6 ,, Is the maximum angle for which particles 
from Xf can reach the rearward surface: 


cos 6 

a 


X 


e 


r 

m 


(A3) 


Analyels of Spontaneous Eadsalon 
Thrust-Sheet Propulsion 

The mass, momentum, and energy that emerges 
from a sheet containing s spontaneously emitting 
material must be evaluated to determine the effec- 
tive propellant ratio, mp/mg, effective exhaust 
vsloclty, Vj , thrust/mass ratio, and heating of 
the thrust sheet. This evaluation will be made for 
the three-layer thrust sheet s)io%m In sketch (a). 

In this sketch, x^ Is the distance of the source 
of an emitted particle from the rearward surface of 
the sheet, 6 Is the emission angle, Vg the veloc- 
ity ot the emitted particle when it emerges from 
the sheet, and v,,^ Is the thrust component of 
chat velocity. A retention film of thickness d^ 

Is provided Co contain the material of the active 
film (other than the emitted particles), and a 
substrate of thickness d 3 Is provided Co stop 
forward-moving emitted particles and for support of 



1: Retention layer 

2: Active layer 

3: Substrate layer 

Sketch a: Thrust-sheet nomenclature. 

Che active film thickness d 2 . 


where r,, Is the range of the emitted particle In 
the embedding material. (The velocity-distance 
variations are assumed to be the same In all three 
films for simplicity of analysis.) The fraction of 
all emitted particles (Hq) In the active film Chat 
emerge rearward Is obtained by Integrating Eq. (A2) 
over the active film: 



if , 1 “2 * '<*1 

(AA) 


With this equation, the vehicle ptopellanc mass 
ratio can be written. 


m„ Mn (n /n ) 

p ^ o e o 

m o, + Be, m- ♦ n 

o I 2 J r 


(AS) 


where M Is the emltted-partlcle mass, the m 3 are 
mass per unit area of Che sheet layers, and m^ Is 
all vehicle mass other Chan thrust sheet (Including 
payload, shielding, attachments, controls, etc.). 

If u Is Che ratio of m^ to thrust-sheet mass, 
and Y ll<e ratio of emltted-partlcle mass Co 
emlcclng-parclcle mass (M/M^), Eq, (AS) becomes 
(since m 2 - Mono): 



The fraction of the emltted-psrclcle energy 
that emerges rearward Is obtained by a similar 
double integration: 



where v^^ is the Initial ejection velocity of the 
emitted particle'^. 


Because the emission Is Isotropic, Che frac- 
tion of particles emitted at which emerge from 

Che thrust sheet with angles between 6 and 
0 -*■ d9 Is proportional to the area of the thrust 
sheet through which they pass, i.e.. 


Similarly, the mean x-componenC of Che velocity 
of the emerging particles (which Is the effective 
exhaust velocity Vj) Is given by 


S 
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To evaluate Eq, (A7) and (A8) , the variation 
of particle velocity with dlatance In the embedding 
material la needed. For flaalon products, Ref. 21 
(p. 669) Indicates that, If one neglects a 
"plateau" region near the end of ttielr range, the 
required variation Is well represented by 


JL. I . JL 
r_ 


where r,, : 2 cm In air for Intermediate-mass fis- 
sion fragiaents, and v,, • 1,2«10^ m/sec. For em- 
bedding materials other than air, the range la well 
approximated by the Bragg-Kleemann rule 


‘“'^m’alr 


where A la atomic mass units of the embedding 
material, P»ir * ^-2 bg/m^, and A^j^^ - 14.5. A 
table In Ref. 21 (p. 671) shows that Eq. (AlO) 
works well for a-partlcles as well as fission 
fragments. 

The velocity-distance relation for a- 
partlcles, however. Is not well represented by 
Eq. (A9). A better representation of the data 
shown In Ref. 21 (p. 649) Is 

f ■ (l - fV'" (A1 

m \ m/ 

where * A cm in air, and for a- 

particlea Is about I. 6^10^ m/sec. 

With Eq. (A9) and (All), Eq. (A7) and (A8) 
become : 

“ Jo (A1 

m/x, e/o 


> cos 6 sin e dS (All) 

where a ■ 1 for fission fragments and a ■ 0.5 
for a-partlcles. 

With the substitutions C * 
y '■ (,/coB 6 these equations become: 


For a ■ 1 (fission-fragment case): 

(Alb) 

(A17) 

For a “ 1/2 (a-partlcle case): 

^.1 ’ ’'2 A , M, 1 “2 A “if 

**2 / '*1 \ 1 **2 **1 **1 
. l„_ll ^2^1. 1/ 1 In^ (^8) 

m \ 2/ m d, m 


No closed-form Integral of Eq. (A15) was found with 
a - 1/2; hence an approximate solution was obtained 
by substituting y n~l , and using an approximation 
for Che resulting Integrand: 

»'n^n - 1) • n “ 0-5 

with this approximation, Eq. (A15) becomes 
(a - 1/2): 


. i . i ^ A 2 

''m ^ 8 V 82/ 


.2a -2 . 
(1 - y) y dy 


With Eq. (A6), (AI7), and (Al9) expressions for Ly 
for thrust sheets using spontaneous fission or 
particle decay can be obtained. 

The thrust-ioass ratio (acceleration) of the 
thrust shcet-propciled vehicle, which deten&ines its 
field'frec trajectory (Eq. (4)), is obtained from 

X . 3 . iLl . 0^ (!e\ ( t/T 

m T \ m /\ v/m '' 

o o ' o' '' O ' 

where t is the half-life of the emitting material, 
mp/niQ is given by Eq. (A6) and vj/Vq, is calculated 
from Eq. (A17) or (A19). Separating out the factors 
that are functions only of the thickness ratios 
Eq. (A20) can be written: 

0.693 v^Y /d^ dj\ 
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The (dj/r,)^ factor In Eq. (AI7) la generally 
negltglbla and haa been oalttad In (A22). InaerC- 
Ing Che appropriate valuea of v_, y, and i In 
E<|. (A21) ylalda, for the Initial acceleratlona: 


For Cf^** (v_ - 1.2«10^, y • 0.5, r - 50 daye): 


0.8 ./*‘2 ‘‘A 


■/aec 


(A23) 


and for Po^^® (v ■ 1.6«10^, y ■ 0.02, t -138 days); 


0.018 J’^2 *^1^ 

•o ■ 1 > w . J 


m/aec' 


(A24) 


Acceleration Due to Differential Thermal Radiation 


In addition to the parclcle-enlaalon thrust, 
an acceleration can also be obtained If the thermal 
emlaslvlty of the forward surface of the thrust 
sheet Is lower chan that of Che rearward surface. 
(The temperature of the two surfaces Is assumed to 
be the same, since It would be difficult to achieve 
a significant temperature difference In such thin 
sheets.) To evaluate the magnitude of this addi- 
tional thrust, note Chat Che radiation pressure Is 
equal Co radiation power density divided by the 
velocity of light, c. Hence, the net acceleration 
due to differential radiation Is 


perature. 

Representative values of achievable cmlsslvl- 
tlee are • 0.9 (aCCalnaMc with oxidised metal 
surlices) and tf • 0,3 (for several polished 
metals). Hlch these values, the lultlal radiative 
accelerations become: 

For Cf***: 


0.017 


(1 + u) 




m/sec' (A29) 


and for Po 


210. 


2.36«10 


-A 


(1 + u) 




m/aec (A30) 


For comparison, aolar-aall accelerations, using 
available thicknesses of alumlnlsed plastic sheet 
(m, « 5«10”^ kg/m2) are of order 2.5><10"J m/sec^ at 
Earth orbit with u • 0.1, Thus, If the substrate 
and retention layer thicknesses can be kept compa- 
rable to the active-film thickness, Che accelera- 
tion due to differential radiation can be consider- 
ably greater for Cf^^^ thrust sheet than that at- 
tainable with solar sails at Earth orbit. 


Equation (A27) permits calculating the maximum 
allowable active-film layer thickness (m 2 • P2*^2^ 
function of tolerable sheet temperature T„. For 
the fission thrust sheet using Cf^^* (E • 200 MeV) 
the result Is 


m 

o 


o(c. 


t,)T' 


(A25) 


m, - 5.6»10"^*(c + kg/m^ (A31) 

I , max r in 

and for Po^lO (E - 5.3 MeV) 


where and c. are the thermal cmlsslvlties of 

the rearward and forward surfaces, respectively. 


2 ,max 


4.0»10*^^(Cj. + Cj 


)T* kg/m^ 


(A32) 


The temperature T of the thrust sheet Is de- 
termined by Che equilibrium between generated power 
and radiated power per unit area. The former Is 
given by 


P 


8 


“ 2 ^ / 0.693 \ -0.693 C/t 

■Mo V t r 


(A26) 


where E Is tne energy release Mr particle In the 
active layer and Mg (■ 1.66*10”'^ A 2 ) Is the 
emictlng-particle mass. Setting this power equal 
to the radiated power yields: 


OT 


A 


0.693 Em^ 
tM (c + c,) 

on I 


-0.693 

e 


t/T 


(A27) 


At a value of T„, - 1000 K, the emlsslvltles 
- 0.9, tj - 0.3 yield: 

For Cf25‘: 

m, - 6.7«10"^ kg/m^ (A33) 

^ ,max 

and for Po^^®: 

m, • 0.A8 kg/m^ (A3A) 

£ ,nax 

For a density of p ■ 18«10^ kg/m^ which Is 
typical of heavy elements, these values lesd Co 
active-film thicknesses of 3.7xl0"f m (3700 A) for 
CfZSA and 2.7xlO"5 m for Po^lO. Using Eq. (AlO) 
for tj, yields, for Cf^^*: 


Substituting this expression Into Eq. (A25) yields 
-0.693 t/i 


0.693 Ee 


M^tc( 1 + u) 


13 t/T /c - c, \ 

r — (A 28 ) 

“1 ”3\ + “^f / 




(a 


3.7»10'^ 

5.58.10"* 


and for Po 


210 . 


fe) 


2.7x10 


-5 


10 


-5 


0.067 


2.7 


(A35) 


(A36) 


Note that this acceleration Is Independent of tem- 
perature If the mass ratios are Independent of tem- 
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Thua, ona concludaa that for tha f laalon-powarad 
thruat ahaat, Cha oaxlBia actlva-filai thlcknaaa 
may ba llailtad by tha parnlaaibla oparaclng taapar- 
atura of tha ahaat, whlla for tha a-aalttlng thruat 
ahaat, tha taaparatura attained by the thruat ahaat 
ahould be no problaa. 


Optlaliatlon of Layer Thlckna 


If no reatrlctlon exlata on tha thlcknaaa of 
tha layara othar than to BaxlBlze tha alaalon cap- 
ability, then for any apontaneoua-aadaalon procaaa, 
ona ahould BaxlBlze the factor f (d 2 /rg,d|/d 2 ) In 
Eq. (A22). Thla equation aaauBea, however, that 
only rearward ezUaalon takea place. If the aub- 
atrate thlcknaaa, di, la leaa than Cg, aoBC of the 
ealtted partlclaa will CBergc In the forward direc- 
tion, thereby reducing the net acceleration. But 
a reduction of d 3 /d 2 . In the denoBlnator of cha 
Eq. (A22) reducea Che realdual lusa and thua Canda 
CO Increaae tha net acceleration. Hence, an opti- 
mum d 3 may occur which la leaa chan r_. To ana- 
lyze thla altuatlon, one may note that the exprea- 
alons for the thruat In the (-x) direction due to 
forward-penetrating particles are obtained by aub- 
acltuclng d 3 for di In the numerator of 
Eq. (A22). Thua Che maximum net Chruat/mass ratio 
due to particle ejection la obtained by maximizing 
the expreaalon 

• '&• ^ 7 ) - 'fe' 

Ideal thruat sheet (d| << d 2 ) : If It Is found 

chat '.lie material-retention layer-thlcknesa, dj, 
can be negligibly small compared to ihe active-film 
thickness, d 2 , then Eq. (A37) becomes; 


d dj / d^ dj dj\ 

-i- 1 + 2 a - 2a - 2« 

r d, V r r d- J 

f . a. 11 , ° J5_J/ 

•R) 


(A38) 


Maximizing f^^^ with respect to 83/83 ylel 8 s: 




(A39) 


Substituting this expression Into (AJ 8 ) ylel 8 s: 

v3/2 /. \2l 


net 8 


(l+ 2 a) ^- 2 / 2 a(l + 2 a) 




(A40) 


Maximizing this expression now with lespect to 
82 /rm ylel 8 s 


© -H-A) 


'opt 


and the maxlnuD value of f ^ becomes 

net 


^.H.m • 


(A41) 


(A42) 


Equation (A39) becomaa, for both valuaa of a: 

1 (A43) 




Ualng thaaa valuea, together with Eqa. (AlO), 
(A23), an8 (A24) ylal8a the following optlBua 
paraisecara for the two aponcaneoua-BBlaalon thruat 
sheeca (for u ■ 0,1); 

For Cf***; 


“2 3 

r ■ 8 * 


- 1 


Bj • Bj • I (pr^) • 0.037S kg/m^ 


“7 ^ 

- 2.1«10 B 


2 3 

18.10^ 


'nat - 


a - 0.025 rn/awc 
o 


y (A44) 


For Po 


210 . 


1 . 1 
r f 


“3 “ “2 " r hg/m^ 


8 ^ ■ 5.1»10”* B 


0.031 


-A 2 

5«10 ’ m/aec 


> (A45) 


It Is Interesting to compare these opllmlze 8 
thrust/masB ratios 8 ue to particle emission with 
the values attainable by ulfferentlal cherma) ra81- 
atlon. Using the values 03/03 ■ 83/83 “ 1, 

Eqs. (A29) and (A30) yield: 


For Cf 


254. 


For Po 


210 . 


7.7»10 ^ m/scc^ 


a^ ■ 1.07»10** o/sec^ 


(A46) 


(A47) 


These values are, respectively, 32 and 21 percent 
of the particle-emission thrust/mass ratio. 

One might next Inquire, since radiation and 
particle emission thrtats can be of the same order, 
whether It might be more advantageous Co maximize 
the former rather than the latter. To do this, 

Eqs. (A29) and (A30) show chat it Is necessary to 
minimize the ratio of substrate and retention film 
mass to the active-film mass. If this ratio can be 
kept much less than unity, these equations show 
that differential-. adlatlon thruac/mass ratio could 
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approach tha optlBliad partlcla-oala. Ion valuaa. 
Howcvat , unlaaa thara am aubacanclal fabrication 
or oparatlonal advancagaa, it appcara prafarabla to 
optlalie tha partlcla-aalialon thruat and accapt 
any additional radlatlva thruat that can ba 
raaliiad. 



- 6 . 7 • 10 *^ 


f 


nat 


O.OIS 


For tha optlalzad thlcknaaaci ralrulatad 
above, tha propellant maaa ratloa (Eq. (A6)>, 
affective eahauat velocltlaa (Eqa. (A17) and (A19)) 
and reaultlng velocity IncrcBcnts (Eq. (1)), are aa 
followa: 


- 0.011; V. - 2.8«lo‘ n/aec 
"o •> 


MA51) 


Av • 3. l"10^ b/scc 


For Cf^**: 


- 0.11 

■o 




• «2 ♦ «j ■ 0.03 kg/n^ 

a ■ 0.011 a/aec^; a ■ 0.0014 n/aec^ 
op X ^ 


V, • 0,157 V ■ 1.9*10^ n/stc 
J ® f 

tv ■ 0.018 V - 2.16«10^ a/aec 

B 

2 

■ • m, ■ 0.075 kg/« 
t i i y 


(A48) 


where a^ „ la partlcle-enlaalon acceleration and 
a. la th^rmal-ealsalon radiation. Thus, thu total 
thruat/naae ratio (Sg • 0.014 >/aac^) la rcducad to 
about half of the Baxlmun value for optlalzad Ilia 
thlcknessea. If a te^erature Halt of 1000 K la 
lapoaed . 


Streaaea In Thruat Sheet 


For Po' 


210 . 


- 0,0034 


V, • 0.180 V • 3,0*10” a/sec 
J B 

iv - 6.4x10'* V • 1.02*10* a/aec 


• Bj + Bj • 0.18 kg/a 


y (A49) 


(For coaparlaon of aaa, deAeltles, the value for 
household alualnua foil la about 0.03 kg/a^.) 


If the theraal-eialaslon ..cceleratlons are 
added to the parclcle-ealaalon values, the total 
Initial accelerations are: 


For Cf 


25*. 


For Po 


210 ; 


a 

o 


0.033 a/sec 


2 


> 


(A50) 


Since the f Isslon-puwered thrust sheet la sub- 
ject to Intense radiation daaage froa fission frag- 
aents. It Ir of Interest to estlaate the stress 
that the sheet Bust tolerate. The pressure, p, tn 
the sheet la p ■ a^a, and since a • 0.025 a/sec^ , 
a,, * 0.04 kg/a^ , this pressure la of order 10~' 
N/a^. If the sheet Is circular, of radius r, and 
If the substrate (of thickness dj) Is the primary 
support, Che stress In that substrate Is obtained 
froa 


If dj . dj . 2*10"* a, then 

Oj • 250 r N/a^ (A53) 

For a sheet of radius 10^ a (wlilch would provide a 
total thrust of 30 Newtons, and accelerate a total 
mass of 1200 kg) the stress Is only 2.5*10^ N/a^ 

(:4 psl). Thus, It appears Chit even a badly 
radlatlon-dsaaged thrust sheet should be capable of 
withstanding the stmsses associated with thrust. 


a " 6.1*10 * a/sec^ J 

o 

The parameters In Eqs. (A44) through (ASO) are 
assumed Co be the characteristic values for aisslon 
calculations and Cor comparison with other propul- 
sion concepts In Figs. 1 and 2. 

Equation (A31) shows that the optimum value 
B 2 “ 0.0375 kg/a^ for Cf^^* yltlds a thrust-sheet 
temperature cf 1537 K, which Is probably tolerable 
for some metallic films (refractory metals) from 
the standpoln/: of vaporization rate. If, however, 
a temperature limit of 1000 K la Imposed (l.e., 
d 2 /rj, • 0.067 (Eq. (A35)) the derivation of opti- 
mum parasacers starting with Eq. (A39) yields: 


Fffects of Actlve-Flla and Substrate Thickness 

As Indicated by Eq. (A33) an actlve-flla 
thickness of 6.7*10'^ kg/a^ produces a sheet tem- 
perature of 1000 K using An optlaua '.ub- 

strate thickness Is 3.7 times this value (Eq. (A51)X 
yielding a total aass thickness of 0.031 kg/m^. If 
It Is desired to reduce the operating temperature, 
the actlve-flla and substrate thicknesses Bust be 
reduced proportionately. To achieve a temperature 
of 400 K, which would permit use of a plastic sub- 
strate(^*) such as that conteisplated for solar 
sails and laser-propelled sheets, Eq. (A31) shms 
that B 2 Bust be reduced to l.l'lO*^ kg/a*, and 
the substrate to 6<.10~* kg/a^ ; which Is almost an 
order of magnitude lower than the thickness now 
available. If the substrate thickness Is Increased 
to an available value (*5*10~^ kg/m^) . the residual 
mass Increases rapidly, and the acceleration de- 
creases. Hence, a plastic substrate appears to be 
unusable. Instead, a wtalllc foil, capable of 
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tcapcraCur* abov* 1000 K •••■■ to b* raquirod. 

Such k foil could prcauBably alau act aa tha rttan- 
tlon fila for tha forward aurfaca of tha actlva 
fllB. 


If tha raarward-aurf aca ratantlon flla thlck- 
naaa , dj^, la not negllglbla ralatlva to d2, a re- 
duction In perforaance raaulta. If tha ratio 
d3/d2 la aalntalned at optlaaua value of 1.0 
and tha ratio la tha axpreaalon for 

^net (A37>) bacoaea: 


net 


0.027 - 0.012 ~ 
^2 




(A54) 


where R" ■ d R/dT^ . (fn a alallar derivation for 
tha laaer-propallad thruat ahaet(^) the conatant of 
Eq. (B}> waa two Inataad of one bacauaa tha refer- 
ence tlae, tj, waa defined differently.) Flrat li.- 
tcgratlon jlalda 


R' - /I (1 - 'M) 

which ylalda an aayaptotlc - loclty (R - •) of 


/J7T 

a o 


1613 


/(I ♦ u)a. 


a/aec 


(BS) 


Thla value can be conaldared to be tha &v capa- 
bility of tha aolar aall for coaparlaon with other 
ayateaa for flyby nlaalona. 


Thua, If di - d2i f,,c la reduced froa 0.0133 to 
S«10~^, a 60 percent reduction In acceleration. 

The rearward-aurface retention film thlckneaa 
ahould therefore be aubatantlally leaa than tha 
actlve-flla thlckneaa to avoid axceaalve perfona- 
ance loaa. A value of d3/d2 ■ 0.1 ylalda only a 
4 percent reduction Ir fnet peralta a reten- 

tion flla thl'.knaaa of about 200 na (2000 X) for 
the optlalted Cf^^^ thruat aheet. Thla aay be a<'v 
quate, according to data given In Rev. 20, wher. in 
either carbun or gold cover films of thlckr.'aa 
3»10** kg/m^ were found to prevent eacape of Cf^^2 
(or a one-hour test time. Thla thickness la less 
tlian 1 percent of the optlsd.zed Cf^S* film thick- 
ness (Eq. (A44)). 


Appendix B 

Coaparlson Hlsalon for Solar Sail Propelled Vehicle 

For coaiparlson with the field-free trajec- 
tories used for the other propulsion concepts in 
Fig. 2, an appropriate alsslon for a solar-sail 
propelled vehicle might ba ona which moves rapidly 
away froa tha aun, starting at Earth’a orbit, and 
neglecting tha aun'a gravitation field. Although 
thla approxlsutlon la not very good for aolar sails 
(or for tha Po^^^ thrust sheet) because of the low 
acceleration relative to the gravitational accel- 
eration of ths sun. It Is nevarthcleas vsed to pro- 
vide an order of asgnltude coaparlaon. 

With this assumption, the radial acceleration 
for a solar-sail propelled vehicle with sail normal 
to the Sun direction la 



where p^^ Is the solar radlaclon power density 
(W/m^) at Earth's orbit and r^ Is the Estth orbit 
radius. Since Pgp : I.3*10^ W/m , the Initial 
thrust/mass ratio Is: 


. 8.7«10~*’ 

®o " (1 

Let R ■ r/r£ and T • t/tj where 
tj^ • (rg/agl^/^. Then Eq. (Bl) becomes 

R‘R" - 


(B-) 


Integration of Eq. (B4) yields the trajectory 
equation: 


/2 T • >n(R - 1) ♦ ln(/R ♦ r^-T) (B6) 

in this equation, R la distance froa the Sun In 
A.U. and the trip tlcai in days is given by 

t • 1520/rr 4 p)mg T (B7) 

Results are compared with the other systems In 
Fig. 2 for m, • 5«10"^ (corresponding to a thick- 
ness of 0.13 mil which, according to Ref. 22, Is 
available In polyester film). For this thickness, 
Eq. (B3) yields 

V • (iv)„,, - 2.2.10* m/sec (B8) 

QIAX V I I 

and Eq. (B2) yields: 

a • 1.6*10*^ m/»«c^ (B9) 

o 

These values are Hooewhat better than those for the 
thrust sheet, but ouch less than those for the 
thrust sheet. 
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Figure 1. - Propulsion system performance parameters. 
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Figure 2. - Flyby mission time comparison. Single stage; 
payload ratio, C. 1. 
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